An analysis of strong coupling e ects in carrier-carrier scattering in electronhole plasmas in semiconductors is presented. The conventional approach to scattering and dephasing rates is based on the Born approximation (scattering cross section proportional to the square of the dynamically screened interaction potential) and is strictly valid only in the limit of the weakly coupled quantum plasma. Otherwise, strong correlations are expected to become important in the scattering quantities. We, therefore, perform a thorough analysis of scattering rates in the framework of the statically screened T{matrix (ladder) approximation. We solve the two-particle Schr odinger equation and provide explicit results for the carrier-carrier scattering rates in equilibrium as well as for optical excitation conditions. Numerical results for GaAs show evidence for signi cant deviations from the common Born approximation. Finally, dynamic screening e ects are included approximatively.
I. INTRODUCTION
Recent impressive progress in the sub-picosecond spectroscopy of electron{hole (e-h) plasmas in semiconductors has made time resolved high-precision optical measurements possible 1] which allow to study the in uence of carrier-carrier scattering, see e.g. 2, 3] . Similar progress is observed in the eld of semiconductor transport, for a recent overview cf. 4 ]. This increased the need for high-quality theoretical modelling of the nonequilibrium properties of charge carriers in semiconductors, including the relevant scattering and dephasing mechanisms which has to be based on kinetic equations such as the Boltzmann equation 5{7] or its interband extension, the semiconductor Bloch equations 8, 9] . Among the various scattering processes, carrier-carrier scattering plays a central role and is expected to dominate in high quality samples and at temperatures below the phonon threshold.
The commonly used carrier-carrier scattering models are characterized by (i) the approximation of the scattering cross sections (scattering probabilities) by the square of the dynamically screened binary interaction potential, ab jV S ab j 2 , and (ii) a Markovian form of the scattering integrals. Strictly speaking, this con nes the applicability of these models (i) to the case of weak carrier-carrier interaction (see Fig. 1 ) and (ii) to su ciently long times (t > cor , where cor is the correlation time of the system 10], which is of the order of the inverse plasma frequency 11]). While the second aspect has been intensively studied in the context of so-called memory e ects in recent years 4,9,12{15], the rst has attracted much less attention 16{18]. In particular, it remains widely unclear, how important strong coupling e ects (e ects beyond the Born approximation) are for the relaxation of a nonequilibrium carrier ensemble in semiconductors.
Strong coupling e ects in two-particle scattering have been intensively studied in various elds, including nuclear matter 19] and dense plasmas 20, 21] . However, despite remarkable theoretical work 22{24], a thorough quantitative investigation for semiconductors which applies to general nonequilibrium situations is still missing. The theoretical approach has to be based upon the summation of the full Born series (ladder series) which yields the T-matrix approximation 21, 23, 25] . To analyze the relevance of these e ects, it is useful to consider the dimensionless parameters ? (coupling parameter), r s (Brueckner parameter) and (degeneracy parameter) 20], ? a j hV aa i j hT a i ?! l r = 4 e 2 a B k B T 1 r ; (1) r s r a B ; 
? a is essentially the ratio of the mean potential to kinetic energy of particles of species \a" which, in the classical case, is equivalent to the ratio of the Landau length l to the mean interparticle distance r (e a is the charge and B the background dielectric constant). Furthermore, r s is the ratio of the interparticle distance to the Bohr radius of bound states (excitons), and 1=3 is essentially the ratio of the thermal (DeBroglie) wavelength a to the interparticle distance (s a is the spin projection). Now, the general prediction is that T-matrix e ects are important in the so-called corner of correlations 21] , where the mean correlation energy of the carriers is comparable to or even larger than their mean kinetic energy. In equilibrium, a reasonable estimate to the boundaries of this region in the densitytemperature plane is given by the lines 21] ? a = 1 ; and r s = 0:7 ; (4) which are shown in Fig. 1 for an electron plasma in d dimensions (upper Fig.) and for bulk GaAs (lower Fig.) . While the rst condition of (4) gives the low density limit (classical plasma), the second applies to the high density case (quantum plasma). Vice versa, the commonly used Born approximation may be expected to be applicable only well outside this region, although it is well known that even there it does not necessarily possess the correct limiting behavior. In particular, the low-density (classical) limit of the Born approximation deviates from the exact asymptotic result (for example, from the Spitzer result for the conductivity) which is reproduced only from the T-matrix approximation, see e.g. 21]). In fact, our numerical investigations show that this is the case for low density electron{hole plasmas as well which is a further strong motivation to study carrier{carrier scattering in T-matrix approximation.
Yet these are rather general predictions which require a reliable quantitative veri cation. This is the intention of our investigation which continues our previous work on T-matrix e ects in equilibrium 26] . In this paper, we study strong coupling e ects in carrier-carrier scattering in more detail both, in equilibrium and nonequilibrium, concentrating on bulk material (choosing GaAs as an example) and using a two-band model. We limit ourselves to non-degenerate electron-hole plasmas ( < 1) which allows us to advance into the shaded region in Fig. 1 making use of e cient phase shift techniques 27, 28] . Although for > 1, one does not expect qualitatively di erent behavior (an estimate of degeneracy e ects is given in Sec. IV), here one is forced to perform computationally costly solutions of the LippmannSchwinger equation 29]. Moreover, this approach is, so far, feasible only in equilibrium.
This paper is organized as follows. In Sec. II A, we give a brief summary of the quantum kinetic description of optical and transport processes in semiconductors focusing on the in uence of (incoherent) carrier scattering and dephasing contributions in the common Born approximation. Sec. II B gives a general discussion of the T-matrix approximation for the scattering rates. Next, in Sec. II C, we derive explicit results for the equilibrium and nonequilibrium scattering rates for bulk semiconductors with isotropic momentum distribution. Sec. III contains numerical results for the cross sections and scattering rates for equilibrium as well as nonequilibrium situations. Sec. IV concludes our paper with an analysis of the limitations of the used approximation. In particular, the incorporation of dynamical screening e ects into the T-matrices is discussed, and rst results are presented.
II. THEORETICAL CONCEPTS

A. Interband Quantum kinetic equations
We brie y recall the kinetic equations for the description of optical and transport phenomena in semiconductors. Following the notation of Kadano 
where is the one-particle energy for band (component) \ ",k = k ? e c h A, HF is the Hartree-Fock self energy, and A(t) the vector potential which obeys Maxwell's equations.
While the l.h.s. of Eq. (5) describes mean eld phenomena, collective and coherent excitonic e ects, the collision integrals I > < on the r.h.s. (the general de nition can be found in textbooks, see e.g. 4]) contains the in uence of scattering (correlations). I > < govern the dephasing of the interband polarization as well as the transport properties of the material, including the relaxation time R of the carrier distributions, the carrier mobility, conductivity and so on. In this paper, we consider in detail incoherent e ects caused by carrier scattering.
The Kadano {Baym equations (5) (6) where T is the macroscopic time T = (t 1 + t 2 )=2, and > < are generalized scattering rates (selfenergies). The momentum argument in f, I, g and has been suppressed. To come to a closed equation for f 1 2 (T ), one has to solve two problems concerning the collision integral which were mentioned in the Introduction: (i) suitable approximations for the self energy have to be given and (ii) the two-time functions have to be expressed in terms of f and P. Since our main interest in this paper is the derivation and critical test of improved expressions for the carrier self energy, we use the simple Kadano -Baym ansatz 25] to solve problem (ii) and neglect the in uence of the interband propagators 31]. Furthermore, to simplify the analysis of T-matrix e ects, we concentrate in the following on the band{diagonal selfenergies. Below, we will change to the electron{hole picture using latin subscripts to label the carrier species, i.e. ! a . Thus, a includes electron{electron, hole{hole and electron{hole scattering while polarization scattering is being neglected. As a result, we obtain for the band-diagonal collision terms in Eq. (6) I a (kT ) = i < a (kT; h! = a (k)) 1 ? f a (kT )] ? i > a (kT; h! = a (k)) f a (kT ) ; (7) 4 which involve the well-known Markovian (\on-shell", i.e. kinetic energy conserving) scattering rates > < a . We mention that i > < a (k) are positive real quantities which have the meaning of probabilities of scattering \into" and \out of" state k which are being multiplied in Eq. (7) by the probabilities that the state is empty (1 ? f) or occupied (f), respectively.
Carrier-carrier scattering in semiconductors has been investigated so far mainly in the frame of weak-coupling approximations. This leads to the Born approximation for the self energy, 
The Born approximation (8) together with (9) will be used below in most of the numerical comparisons with the T-matrix results. The in uence of dynamical screening and its combination with strong coupling e ects will be discussed in Sec. IV.
B. T-Matrix carrier{carrier scattering rates
As pointed out in the Introduction, the properties of strongly correlated plasmas are essentially in uenced by multiple scattering and bound states. In order to include these e ects one has to go beyond the Born approximation (8), summing up higher order ladder diagrams. The full two{particle ladder sum yields the scattering rates in binary collision approximation, the general nonequilibrium de nition of which is 25,36,37], (we substitute
where T ab is the T-matrix. Since we consider fermionic particles (electrons and holes), the anti-symmetrized T-matrix has to be used in the case of identical scatterers (a=b). The T-matrix approach is a well developed concept of many-particle theory to describe strong dynamic correlations, especially in nuclear physics and plasma theory, but it has been applied less to semiconductors. Therefore, before explicitly calculating the scattering rates, it is useful to give a brief discussion of important relations of the binary collision approximation. The T-matrices are de ned by the two{time two{particle correlation functions G > < ab in the particle{particle channel,
where G > < ab (t; t 0 ) describe the behavior of a particle pair in an interacting many-particle system (for the de nition, see 25]). V S ab is the screened potential for which we use the static limit (9) . Thus, the central problem is the determination of the binary correlation functions G > < ab . An e cient approach is to express the two{particle correlation functions as a bilinear expansion in terms of the wave functions of the interacting particle pair j K i 38]. Then, Fourier transforming G > < ab with respect to the microscopic time t ? t 0 and using the local approximation, we obtain
The sum in Eq. (12) 
This is a generalization of the usual two{particle Schr odinger equation which accounts for the in uence of the surrounding particles on the pair a-b: rst, the one{particle energies are modi ed, a (p) = 0 a (p) + a , and second, the interaction potential is replaced by the statically screened Coulomb potential V S ab . For consistency of the approximation scheme, the energy shifts are approximated by a = ? e 2 a =2 B 21,24] . It should be noted that Eq. (13) is not Hermitian which requires a second Schr odinger equation for h K j which contains the adjoint Hamiltonian (for a more detailed discussion, see 21, 38] ). Let us come back to the collision integral (7), where now the scattering rates > < are to be given in T{matrix approximation and their energy argument is xed according to the \on shell" condition h! = a (p; T) = 0 a (p) + a (T ). >From Eq. (10), it then follows, after using the Kadano {Baym ansatz for g 
It turns out that the T-matrices T > < ab have to be taken \on shell", too, i.e. their energy argument is h! = a + b 39]. This means that only two{particle scattering states contribute to the rates > < a (p a ; a ) for this level of approximation. To include the e ect of bound states 6
on the on{shell scattering rates, one has to go beyond the binary collision approximation, taking into account three{body scattering processes between electrons/holes and bound states (e.g. incoherent excitons), see Sec. IV. For the T-matrix in Eq. (14), we nd from Eqs. (11) and (12) 
where T R=A ab are the retarded and advanced T-matrices which obey the Lippmann{Schwinger equation (we drop the time argument)
If this equation is solved by iteration, a ladder{type diagram expansion follows. In lowest order (neglecting the second term on the r.h.s.), the T-matrix reduces to the quasistatic interaction potential V S , which is just the Born approximation discussed in Section II A.
The retarded T-matrix is directly related to the scattering{out state j K i = j p a p b +i , determined by Eq. (13) hp a p b jT R ab ( a + b )j p b p a i = hp a p b jV S ab j p b p a +i : (17) Finally, inserting Eq. (15) into Eq. (14), we can express the scattering rates in binary collision approximation in terms of the retarded T-matrix
Thus, for the evaluation of the scattering rates (18) , the central problem is the determination of the retarded T-matrix. One approach is to solve the Lippmann{Schwinger equation (16) . On the other hand, for nondegenerate plasmas, the T-matrix can be determined more e ciently from the solution of the e ective Schr odinger equation (13) using scattering phase shift techniques.
C. Evaluation of the T-matrix scattering rates for bulk semiconductors
In the following, we consider nondegenerate e{h plasmas. Furthermore, the momentum distributions are assumed isotropic, i.e. f(p; T) = f(p; T), and the interaction is screened quasi{statically, see Eq. (9). Transforming Eq. (18) to relative and center of mass momenta p = m b p a ? m a p b =(m a + m b ) and P = p a + p b , the T-matrix can be expressed by the T-matrix of relative motion hpjT R ab j pi 26] . Carrying out the integration over P, we obtain for the scattering rates i < a (p a a ; T) = (24) Expressions (21), (22) , and (24) enable us to study the e ect of strong correlations in a broad class of equilibrium and nonequilibrium situations thereby allowing for an e cient numerical evaluation.
III. NUMERICAL RESULTS FOR THE T-MATRIX SCATTERING AND DEPHASING RATES IN BULK GALLIUM{ARSENIDE
A. Scattering cross sections.
As we have seen above, in the scattering rates, the central quantities are the scattering cross sections which are related to the two{particle T-matrix. Therefore, we turn to the evaluation of the di erential cross sections d ab =d making use of the concepts of scattering theory 27, 28] . Because of the spherical symmetry of the statically screened Coulomb potential, a partial wave expansion of the scattering quantities can be performed. For the di erential cross section, it follows (2l + 1) sin 2 l : (27) Thus, we have related the cross sections to the scattering phase shifts l . The latter, in turn, are closely related to the two-particle wave function u l which obeys the radial Schr odinger equation
Here, k 2 = 2m ab ( ab ? ab )= h 2 is the square of the wave number with ab = a + b being the two{particle self energy correction. The scattering phase shifts can be determined from the asymptotics of the scattering solutions 28]. Assuming a nite interaction range r 0 , the continuity condition of the logarithmic derivative of the wave function at the point r = r 0 leads to the following expression for the scattering phase shifts tan l (k) = u l (kr 0 ) j 0 l (kr) ? u 0 l (kr) j l (kr 0 ) u l (kr 0 ) n 0 l (kr) ? u 0 l (kr) n l (kr 0 ) : (29) 
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The prime denotes the derivative with respect to r at r = r 0 , and j l (z), n l (z) are the Riccati{Bessel functions, see e.g. 27] .
In order to calculate the phase shifts, the Schr odinger equation (28) has to be solved numerically. We have done this using the Numerov algorithm 40,24] to calculate the wave function and its derivative for a given l up to the point r = r 0 . This point was chosen such that the ratio of potential and scattering energy has dropped su ciently (below < 10 ?5 in our calculations). Knowing the scattering phase shifts, the cross sections are computed according to Eqs. (25) , (26) and (27) . For a given value of the wave number k, only a limited number of partial waves gives signi cant contributions to the l{sum which, therefore may be truncated for a certain l = l 0 (l 0 was chosen such that the contribution of the remaining terms was less than 10 ?5 ).
Before presenting numerical results, we brie y summarize the cross sections in Born approximation, as they will be needed for the numerical comparisons below. The Born approximation follows from the Lippmann-Schwinger equation (16) ; (32) with the exciton Bohr radius a B = h 2 B =m eh e 2 . Let us now discuss the numerical results for the scattering cross sections in T-matrix and Born approximations. The cross sections re ect the microscopic properties of the twoparticle scattering process und are thus the basis for the macroscopic behavior. In Fig. 2 , the di erential scattering cross sections for e-e and e-h scattering are plotted versus the scattering angle for two xed wave numbers k = p= h, whereas Fig. 3 shows the momentum dependence of the total cross section.
i) First, we notice the qualitatively di erent scattering angle dependence of the di erential cross sections for di erent scattering partners. For e-h scattering (lower part of Fig. 2 ), d =d decays monotonically with increasing angle #. In contrast, for identical particles (upper part), the curves increase again for large angles, in fact they are symmetric with respect to # = =2. This behavior is readily explained by quantum mechanical exchange e ects and is, of course, independent of the approximation for the scattering cross section. In particular, it is most clearly seen in the analytical expressions (31) for the Born approximation. Analogous results are observed for the hole{hole scattering (not shown). ii) For small k, in both Born and T-matrix approximations, the cross section changes only weakly as function of the scattering angle (Fig. 2) , whereas for large wave numbers, it increases by several orders of magnitude when approaching the angle # = 0 (and, additionally, # = for identical particles). This is intuitively clear because with increasing kinetic energy, it becomes more unlikely that a particle is de ected under a large angle. iii) The general tendency is that the T-matrix cross sections are smaller than the Born approximation results. The largest deviations are observed for small wave numbers k (independently of the scattering partners) whereas for large k, the di erences vanish. An exception is the e-h scattering where for intermediate k and large scattering angles, the T-matrix results may slightly exceed the Born approximation (for identical particles, this e ect is suppressed by the exchange contribution). This explicitly conrms that the Born approximation overestimates small angle and small k scattering but underestimates larger momentum transfer processes. iv) Although the angle integration smoothes out many details of the di erential cross section, the main features remain visible in the total scattering cross sections (27) , (26) .
Again we see that the T-matrix cross sections are smaller than the Born approximation, except for the e-h scattering at = 1:0 a ?1 B . The general trend is a monotonic decrease with increasing wave number, except for well pronounced peaks in the case of e-h scattering. These peaks are due to two{particle resonances in the continuum of scattering states. They appear when, due to screening, excitonic bound state levels are shifted into the continuum (Mott e ect). Thus, these resonances are traces of bound states contributing to the low{energy part of the T{matrix cross section. In particular, the peak in Fig. 3 ( = 0:1 a ?1 B ) is due to the 3d{resonance, whereas the increase of the T-matrix e{h cross section at = 1:0 a ?1 B for low momenta is related to the 1s{resonance. For identical particles, exchange e ects reduce the cross section which is noticable at large screening parameters (see curve = 1:0 a ?1 B ).
B. Equilibrium e-e, e-h and h-h scattering rates
Now we turn to the scattering rates, begining with an analysis of the equilibrium case. Here, only the total cross section tot ab is needed, cf. Eq. (24). First we discuss the behavior of the dephasing rates ? a = i > a + i < a as a function of the wave number. In Fig. 4 , the four di erent scattering processes in the e-h plasma are compared at room temperature and n = 10 16 cm ?3 . As for the total cross section (see point iv) above), the largest deviations between the T-matrix and Born approximations occur for small momenta. For increasing wave number, the deviations vanish fast for h-h and e-h scattering, but persist much longer for e-e and h-e scattering. This is a simple mass e ect which is readily seen from Eq. (24) . The rst exponent in brackets has its maximum at p = m b ma+m b p a . Therefore, for b = e (for any given p a ), smaller momenta p (where tot is large and deviates stronger from the Born approximation) contribute more than in the case b = h. For the same reason, the e-e and h-e dephasing rates are decaying much weaker with the wave number and exceed the e-h and h-h scattering for su ciently large k.
The temperature dependence is explored for a lower density over a larger range in Fig. 5 where the ratio of the T-matrix and Born approximation scattering rates ( > ee and > eh ), which dominate the behavior of the dephasing rates at low densities, is plotted. Again we see that for increasing wave number the deviations are generally smaller, and they further decrease with increasing temperature. On the other hand, at low temperatures, the ratio of the e-h scattering rates is dominated by resonances which are clearly visible even on the macroscopic level of the scattering rates: the shoulder in the upper Fig. 5 around T = 60 K is due to the 2s and 2p resonances, whereas the strong low temperature rise comes from the 1s resonance (cf. also Fig. 3) . A discussion of the density dependence of the scattering rates can be found in Ref. 26] and also in Sec. IV B where we will consider the e ect of dynamical screening, see also Fig. 9 .
So far we considered the situation of GaAs. To get at least a qualitative picture of the magnitude of strong coupling e ects in other bulk materials, we have shown in Fig. 6 results for three di erent mass ratios m h =m e (for sake of comparison, the Bohr radius and the binding energy were left constant). The general trend is clear: T-matrix e ects become more important for increasing mass ratios. While the e-e and h-e scattering rates change only weakly, there is a substantial reduction of the T-matrix rates for e-h scattering and an even stronger one for h-h scattering.
C. Strong coupling e ects in nonequilibrium
We now turn to the discussion of strong coupling e ects under nonequilibrium conditions. In particular, we are interested to see if there exist special excitation conditions of the electron-hole plasma which would enhance the di erence between the Born and T-matrix approximations. To this end, we now have to consider the nonequilibrium formulae for the scattering rates, Eqs. (21) and (22) . Notice that the expression for < contains a four-fold integral which makes the evaluation of the nonequilibrium T-matrix scattering rates rather time consuming. We have performed a series of scattering rate calculations for various nonequilibrium distributions as they are generated, e.g., under typical optical excitation conditions. To simulate di erent photon energy and pulse duration, we used Gaussian carrier distributions f(p) = A exp (p= h ? k 0 ) 2 = ] with di erent peak momentum hk 0 and width , see Figs. 7 and 8.
In Fig. 7 , we compare the scattering rates for a localized and a very broad distribution (f e = f h ), both centered around the same peak momentum and corresponding to the same carrier density of 5 10 15 cm ?3 . Despite the di erent shape of the distributions, the qualitative picture in the two cases is the same: The relative role of the T-matrix e ects ist larger for e-h than for e-e scattering, although for the latter the e ect is seen up to larger momenta. The absolute magnitude of the e ect is higher for the localized distribution. Here the Born approximation is up to 90 % higher (e-h, zero momentum) than the T-matrix, compared to about 60 % for the broad distribution.
The situation is more complex in Fig. 8 which shows calculations for varying peak positions of the nonequilibrium distribution, while its width and density have been kept constant. From the bottom to the center gure, the deviation of the Born approximation dephasing rate above the T-matrix level increases from a factor of about 1:5 to almost 2 at zero momentum, which seems to con rm the trend of Fig. 7 . However, further shift of the carrier distribution towards the band edge (upper gure) give rise to the opposite trend. The Tmatrix dephasing rates are becoming even larger than the Born result for low momenta. To understand the reason of this behavior, we plotted in the left column the electron scattering rates > , broken down into e-e and e-h contributions. Clearly, the relative growth of the T-matrix rates comes from the electron-hole scattering which is quite similar to the behavior which we observed in the equilibrium case at low temperatures before (see Fig. 5 ). In fact, the value of the inverse screening lenght is slightly above the Mott point, i.e. this behavior is again caused by the s-wave resonance which is here observed under nonenquilibrium conditions.
With expressions (21), (22), inserted into the collision integral (7), time-dependent solutions of the coupled kinetic equations for the electron and hole distributions have been performed starting with initial distributions of the above type. We found that using the Tmatrix approximation does not strongly change the shape of the distributions, but generally slows down the relaxation compared to the Born approximation.
Summarizing the e ect of nonequilibrium carrier distributions, we have observed quite substantial strong collision e ects. Magnitude and sign of the e ect depend strongly on the shape of the distribution and on the carrier density. In most cases, the Born approximation overestimates the total scattering and dephasing rates. The largest deviations are predicted for distributions which are localized in momentum space. Furthermore, the deviations are particularly large at low momenta and may reach 100% and more. On the other hand, in situations slightly above the Mott point, where the 1s exciton state is still visible as a resonance, we observe a strong enhancement of the nonequilibrium T-matrix scattering rates. This is found, for the given density, for distributions which are localized at low momenta.
IV. DISCUSSION
A. Limitations of the theory
Let us now discuss the range of validiy of the presented results. To make a numerical evaluation of the T-matrix approximation possible, it was necessary to introduce simplications. First of all, the e ect of dynamical screening had to be neglected, cf. Eqs. (11) and (13), we come back to this question below. Secondly, we neglected degeneracy e ects which limits our results to parameters below the dashed line in Fig. 1 . To estimate the relavance of these e ects, we plotted the static Born approximation results with full Pauli blocking included in Fig. 9 (dashed{dotted line). As anticipated, the e ect is a reduction of the scattering rates which sets in around n = 10 16 cm ?3 . It is reasonable to expect an analogous in uence on the T-matrix results because at high densities both approximations should merge as in the case without degeneracy e ects.
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The third limitation results from the neglect of bound states, in particular (incoherent, as opposed to the interband polarization) excitons. It is, of course, well known how to incorporate bound states into the on{shell scattering rates: One has to include three{body scattering processes between a free carrier and a bound e{h pair. This requires a kinetic equation for excitons, which has to be solved simultaneously, which is not yet feasible. However, for the parameters considered in the present study, the e ect of incoherent excitons is found to be small. This can be veri ed by estimating the fraction B of electrons bound in excitons, e.g. from a mass action law or coupled rate equations 41]. We solved a mass action law (Saha equation) using an e ective exciton binding energy E e B = E 0 B + I, where E 0 B = 4:2 meV (GaAs), and the lowering of the ionization energy is due to screening and selfenergy e ects, I = ? e 2 = B . We found that, for temperatures above 50 K, over the whole density range, B does not exceed 20% what justi es our approach. Of course, at lower temperature, excitonic e ects will be important.
B. Dynamical screening e ects in the T-matrix
Further improvement of the theory of carrier{carrier scattering requires the inclusion of dynamical screening into the T-matrix. This can be done, e.g., in the framework of the dynamically screened ladder approximation of Green's functions theory 21] which, in nonequilibrium, is out of reach. Alternatively, one can try to incorporate dynamical screening into our approach approximately. To this end, we use a combination of static T-matrix (\T"), static (\B") and dynamically screened Born approximation (\RPA") for the selfenergies 42], see also 43, 44] a = T a + RPA a ? B a : (33) In a nondegenerate equilibrium e{h plasma, the RPA scattering out rate, Eq. (8) (34) where the Bose function n B (!) = exp(!=k B T) ? 1] ?1 represents the plasmon distribution.
In Fig. 9 , we show the simultaneous e ect of dynamical screening and strong correlations for the electron scattering rate > e at zero momentum as a function of density. One clearly sees that the combined model (33) yields the correct limits: at low densities (below 10 16 cm ?3 ), it practically coincides with the static T-matrix, whereas for high densities, it approaches the RPA. In between, the combined scheme essentially follows the static T-matrix behavior, with the dynamics leading to a slight overall increase. According to Fig. 1 , we expect correlation e ects to vanish beyond n 10 18 cm ?3 . This is indeed observed in Fig. 9 , as Born and T-matrix results merge at high densities. This trend is interrupted only for the e{h scattering (see 26]) which is again a consequence of resonances giving rise to the shoulder around n = 10 16 cm ?3 (2s/2p resonances) and the peak aroud n = 10 17 cm ?3 (1s). However, for low densities, we do not observe a merging of the Born and T-matrix results, clearly indicating the breakdown of the former. The reason is that, due to the decrease of screening, T-matrix e ects remain important at low densities as well.
Finally, let us consider the e ect of dynamical screening for di erent particle momenta. Fig. 10 shows the electron dephasing rate ? e for n = 10 15 cm ?3 and T = 300 K and the same approximations as above as a function of wave number. Clearly, for small wave numbers, dynamical screening e ects are small while strong correlations are dominant. Consequently, static T-matrix and the combined scheme are close to each other. In contrast, for large wave numbers, static T-matrix and Born approximations merge. In this case, the dynamical screening e ects are essential, and the combined scheme is governed by the RPA contribution. For intermediate wave numbers, the combined scheme smoothly interpolates between the two limiting cases.
Summary
In this paper, a treatment of carrier{carrier scattering in semiconductors was presented which goes beyond the common Born approximation. It was shown theoretically and numerically that the Born approximation strongly overestimates small angle scattering, but cannot describe the e ect of strong collisions. This becomes a serious problem if the coupling parameter ? is of the order of one or larger, i.e. in the corner of correlations (see Fig. 1 ). However, the Born approximation fails not only in the \corner of correlations" but also at low densities, where only the T-matrix approximation reproduces the correct analytical limits. We have shown that deviations of the Born approximation from the more general T-matrix result are visible not only in the microscopic scattering quantities (cross sections), but also in macroscopic quantities, such as scattering and dephasing rates. There, the Born approximation results may be wrong by as much as a factor of two and more leading, in most cases, to too high rates. Similar behavior should be expected for other transport coe ecients and for optical properties. 
